The mechanism producing enhanced thermal conductivities of nanofluids has been the subject of much debate. The formation of aggregates allowing for percolation paths within the fluid has shown the most promise. This work studies the aggregate formation of a nanofluid and compares the results to earlier thermal conductivity measurements and Monte Carlo simulation results. Static light scattering is employed to measure the fractal dimension of aggregates formed in the nanofluid over time at various temperatures and concentrations. As expected, aggregates form more quickly at higher concentrations and temperatures, which explains the increased enhancement with temperature reported by other research groups. The permanent aggregates in the nanofluid are found to have a fractal dimension of 2.4 and the aggregate formations that grow over time are found to have a fractal dimension of 1.8, which is consistent with diffusion limited aggregation. Predictions indicate that as aggregates grow the viscosity increases at a faster rate than thermal conductivity making the highly aggregated nanofluids unfavorable, especially at the low fractal dimension of 1.8.
I. INTRODUCTION
Nanofluids of metal and metal oxide nanoparticles suspended in fluids have generated much interest for electronics cooling applications due to reports of thermal conductivity enhancements much greater than those predicted. Effective medium theory ͑EMT͒ predicts for dilute suspensions of well-dispersed nanoparticles with k p ӷ k f a 3% increase for every 1% vol concentration. The high thermal conductivities reported could allow for large improvements in current fluidic system cooling abilities. The effect of temperature on the thermal conductivity of nanofluids has been highly controversial. Multiple research groups reported increased enhancements in the thermal conductivity with temperature but at varying intensity. [1] [2] [3] Other studies showed there is actually no direct increase in thermal conductivity with temperature and found the enhancements followed EMT well. [4] [5] [6] It is more likely another mechanism was causing the enhancements measured in the earlier studies possibly indirectly related to temperature. However, the actual mechanism has not yet been studied.
Effects of aggregation are found in the nanofluid studies by various research groups but are unaccounted for. Past measurements of viscosity showed increases of 10% or higher per 1% vol concentration. [7] [8] [9] [10] [11] This exceeds the predictions of Einstein in 1911 ͑Refs. 12 and 13͒ for well-dispersed nanoparticle suspensions of 2.5% per 1% vol concentration. Optical thermal conductivity measurements using forced Rayleigh scattering 14 and beam deflection 6 techniques yielded data consistent with EMT. Researchers that noted aggregation or opaque fluids with aggregates large enough to scatter light measured higher thermal conductivities than predicted by EMT.
1, [15] [16] [17] Aggregation is the only mechanism of thermal conductivity enhancement that also accounts for the increases in viscosity. A recent benchmark study consisting of 34 research groups has shown that for a variety of stable, well-dispersed nanofluids, the thermal conductivity is well modeled through the Maxwell EMT. 18 Thus, aggregation is an important factor for thermal applications of any nanofluid. Prasher et al. 19 calculated the limit of nanofluid favorability to be when the ratio of the percent increase in viscosity to the percent increase in thermal conductivity is less than 4. The enhancements achieved by aggregation depend on the aggregate size and structure. The progression of aggregation depends on the particle volume concentration and fluid temperature. An experimental and theoretical study of the aggregation progression and structure at various isothermal conditions is necessary for a full understanding of the thermal conductivity data and nanofluid favorability.
The effect of aggregation on thermal conductivity has been modeled by a few research groups. Calculations for typical aggregates give potential enhancements of 5% per 1% vol concentration for dense aggregates and up to 30% for sparse aggregates. [20] [21] [22] [23] [24] Prasher et al., 25 showed the aggregation time constant to be inversely proportional to the fluid temperature and particle volume concentration and directly proportional to the fluid viscosity. If the concentration is doubled the particles will reach the same point in aggregation in half the time. As the temperature is increased the viscosity of the fluid decreases producing an even larger dependence on temperature. Philip et al. 17 measured the linear aggregation of stabilized magnetite particles in a magnetic field and measured an enhancement of 64%. Gao et al. 26 measured the thermal conductivity of clustering nanoparticles suspended in fluid and frozen. They found a 4% enhancement in the fluidic state and a 5% enhancement in the frozen state for 1% vol concentration, which they attributed to more structured aggregates when frozen. Chen et al. 27 measured enhancements in viscosity of 10% for 1% vol concentration and attributed the increase to aggregation. An experia͒ mental study of the aggregate structure and fractal dimension in heat transfer nanofluids has yet to be conducted. In this paper, two experimental techniques are used to determine the initial state of the nanofluid and one experimental technique is used to study the aggregate progression and structure at various concentrations and temperatures. Dynamic light scattering ͑DLS͒ yields the initial particle size distribution and shows the presences of permanent aggregates in the nanofluid. Scanning electron microscopy ͑SEM͒ gives a visualization of the particles and permanent aggregates as they appear in suspension and allow for the calculation of their fractal dimension. Static light scattering gives the average fractal dimension of the aggregate formations over time at different length-scales for each of the volume concentrations at different temperatures. These results are compared to Monte Carlo simulations of aggregation, thermal conductivity and viscosity predictions, and previous experimental data of thermal conductivity over time. The methodology for the Monte Carlo simulation and thermal conductivity measurement are given by Gharagozloo and Goodson. 28 Finally, the favorability of aggregating nanofluids is analyzed.
II. MEASUREMENT THEORY
Static light scattering allows for the measurement of aggregate characteristics such as radius of gyration, fractal dimension, and primary particle size. [29] [30] [31] [32] The magnitude of the scattering vector, q, of light scattered from a small particle is the difference between the incident wave vector, k ៝ i , and scattered wave vector, k ៝ s . Rayleigh scattering gives ͉k
For light scattered at angle, , the scattering vector is then given by
where n is the index of refraction of the base fluid and is the incident laser beam wavelength. The value 1 / q represents the length scale sampled by the scattered light. The intensity of the scattered light from an aggregate is given by I͑q͒ ϰ P͑q͒S͑q͒, where P͑q͒ is the form factor, which represents the intensity of scattered light from a single particle and S͑q͒ is the interparticle structure factor, which represents the added intensity from the light scattered between the particles in the aggregate and describes the structure of the aggregate. When 1 / q Ͻ R a the scattered light is considered in phase and when 1 / q Ͼ R a it is not. Variations in I͑q͒ are due mainly to P͑q͒ at large q and S͑q͒ at small q. 
where R a is the aggregate radius of gyration and r p is the particle radius.
III. MEASUREMENT SETUP
A schematic of the experimental setup is shown in Fig.  1 . The fluid is held in a stationary quartz spectrophotometer flow through cell ͑Starna/48-Q-0.5͒. A collimated 1 mW laser of wavelength 633 nm ͑Edmund Optics/NT59-080͒ or 785 nm ͑Edmund Optics/NT59-082͒ passes through the cell allowing the light to scatter off the aggregates. The scattered light intensity is measured by a 2.5 mm Si photodetector ͑Edmund Optics/NT57-624͒ detecting wavelengths from 200 to 1000 nm. The photodetector is rotated around the fluid cell with a motorized rotation stage ͑Newport/PR50PP͒ to measure the intensity versus angle. For each measurement, the fluid is heated to the desired temperature and pumped into the flow cell by syringe. The refraction from the water/ quartz/air interfaces are accounted for in the angle used to determine the scattering vector. With the 785 nm laser source we sample the length scale from 150 to 180 nm and with the 633 nm laser source we sample the length scale from 115 to 140 nm.
The measurement is verified in three ways. First, the variation is confirmed to be symmetric as the measurement is done in both the positive and negative direction. Second, the correct measurement of larger solid amorphous silica National Institute of Standards and Technology ͑NIST͒ traceable size standards particles ͑Thermo Scientific/8050͒ in the 1 / q Ͻ r p regime is confirmed. Third, the measurements of the FIG. 1. ͑Color online͒ Schematic of static light scattering experimental setup showing nanofluid held in bottle at the specified temperature and at the measurement time is pulled into a stationary cuvee with a syringe pump. A laser is shone through the sample causing light to scatter. The scattered light intensity is measured vs angle using a photodetector attached to a rotary stage.
NIST traceable size standards and permanent aggregates are made with two lasers ͑633 and 785 nm͒ of different wavelength to ensure the same values are measured. The intensity versus scattering vector data for the NIST traceable size standard particles are plotted in Fig. 2 .
The nanofluid has 20% weight concentration alumina in H 2 O with less than 1% nitric acid ͑Alfa Aesar/12733͒. The fluid is diluted with deionized water to the desired volume concentrations. The pH of each of the concentrations is measured to be 5.5 to ensure the chemistry is constant between each of the samples. Prior to the measurements the nanofluid is sonicated for 4 h. To prevent variations in the lapse in time between sonication and the measurement the fluid is heated to the desired temperature during sonication. An estimated 15 min elapses between sonication and measurement for each case as the fluid is loaded into the light scattering setup and flow effects are allowed to subside. The nanofluid is stable with only minor settling after a week. DLS measurements are performed using the 90Plus Particle Analyzer from Brookhaven Instruments Corporation on a solution diluted to 0.05% vol concentration and the results are shown in Fig. 3 for both the intensity and number based multimodal distributions. The DLS yields a nominal particle diameter of 40 nm and skew of 11.5 nm. A small number of sintered particles are initially present with a nominal diameter of 125 nm as shown with the intensity based DLS distribution. A subset of the sintered particles is large enough to scatter visible light though the fluid remains mostly transparent. The sintered particles will be at a higher fractal dimension than the diffusion limited aggregates and the measured fractal dimension will be an average of the fractal dimensions from the aggregates at the length scale sampled.
A FEI XL30 Sirion SEM with field emission gun source is used to image the particles as they are in suspension to observe individual particle aggregates. To view nanofluids in a SEM and keep the particles suspended, the nanofluids are subjected to a jellification and hardening process. Enüstün and Turkevich 35 found gelatin to be an effective coagulation stopping agent to allow viewing of particles at various stages of coagulation. Fernández-Morán and Finean 36 used gelatin for embedding small, fragile samples, for viewing in an electron microscope. To create the gelified nanofluid, the nanofluid is sonicated, heated to 40°C and mixed at a 1:2 volume ratio with a 40°C 15% by weight gelatin-deionized H 2 O solution. A thin layer of the mixture is poured into a clean dish and placed in a refrigerator for 30 min to allow the mixture to gelify and is then transferred into a vacuum chamber for 6 h to remove any excess liquid from the nanogel film. An image of the nanoparticles is shown in Fig. 4 . The fractal dimension of the sintered aggregates is estimated from the SEM image. The image is converted to binary changing the pixels within the particles to white and the pixels outside the particle to black as shown in Fig. 5 . A circle is drawn around the particle to just include the aggregate and all the pixels outside the circle are not counted. The concentration of particles in the aggregate is estimated as the ratio of the number of white pixels to total pixels in the circle and is found to be 0.51. We estimate the fractal dimension of the initial sintered aggregates to be 2.5Ϯ 0.1 from the following equation: 
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where p,agg is the particle volume fraction in the aggregate, R a is the aggregate radius, d p is the particle diameter, and d f is the fractal dimension. The Monte Carlo simulation models the aggregation over time in isothermal conditions. To further understand the effect of aggregation on the fluid properties the thermal conductivity and viscosity are modeled using fractal theory. The thermal conductivities of the aggregates are calculated by separating them into two components, the percolation contributing backbone, and nonpercolation contributing dead-ends. 25 The effective thermal conductivity of the deadend particles, k nc , is calculated using the Bruggeman model, which is appropriate for high particle volume fractions
where i is the volume fraction of the nonpercolation contributing aggregate components ͑fluid and dead-end particles͒ and k i is the thermal conductivity of the components. The effective thermal conductivity of the aggregate, k agg , is calculated using composite theory for misoriented ellipsoidal particles for the backbone, in a matrix of the nonpercolation contributing portion. The following equations are used:
where R b is the boundary resistance between the particle and the fluid and p is the ratio between the radius of the aggregate to the radius of the particle. In a previous study the typical boundary resistance between alumina and water was found to reduce the thermal conductivity by less than 5%. 28 In this study the boundary resistance is assumed to be zero. The effective thermal conductivity of the nanofluid is found through the Maxwell EMT 39 for dispersed particles and is given by
where agg is the volume fraction of aggregates in the fluid and n =3/ , where is the sphericity of the aggregate. A spherical aggregate is assumed yielding n = 3. The bulk effective hydrodynamic viscosity for a fluid containing fractal aggregates is modeled by Potanin 40 and is given by
where max = 0.61 is the maximum possible volume concentration for rigid spheres. This equation is most appropriate for higher shear rates, but is a good approximation since most nanofluids have been found to have limited shear thinning. Both of these equations are dependent on the fractal dimension of the aggregates.
IV. RESULTS AND DISCUSSION
The measured fractal dimensions for the 1%, 3%, and 5% volume concentrations are shown in Figs. 6-8 , respectively, at 20°C, 40°C, and 60°C after sonication and an hour after being held at the specified temperatures. The 1% volume concentration shows a fractal dimension of 2.4 at all times and temperatures due to a lack of significant aggregation. The 3% volume concentration shows a fractal dimen- 
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P. E. Gharagozloo and K. E. Goodson J. Appl. Phys. 108, 074309 ͑2010͒ sion of 2.4 for 20°C at both times and wavelengths. At 40°C at the smaller length-scales below 135 nm, the fractal dimension is 2.4 and at larger length-scales the average fractal dimension becomes 2.0 at early times and reduces to 1.9 after an hour. At 60°C at the smaller length-scales, the average fractal dimension begins at 2.4 and reduces to 2.3 after an hour. At the larger length-scales, the average fractal dimension begins at 2.1 and reduces to 1.8 after an hour. The 5% volume concentration again shows a fractal dimension of 2.4 for 20°C at both times and length-scales and for 40°C at the smaller length-scales initially and then reduces to 2.3 after an hour. At 60°C at the smaller length-scales the average fractal dimension begins at 2.2 and reduces to 2.0 after an hour. At the larger length-scales the average fractal the average fractal dimension becomes 1.8 at both 40 and 60°C at both times. Plotted in Fig. 9 is the modeled average radius of gyration from a Monte Carlo simulation modeling the aggregation in isothermal conditions with an assumed fractal dimension of 1.8 for each of the concentrations and temperatures. For the 1% volume concentration the average radius of the aggregates stays smaller than the size of the permanent aggregates in the fluid. These results are consistent with the measurement since not enough aggregation has occurred to influence the measured average fractal dimension. For the 3% volume concentration, the aggregates remain small for the 20°C case. At 40°C, the aggregates begin to become as large as and larger than the permanent aggregates. This is consistent with the measurements where the average fractal dimension begins to be influenced by the aggregate formations. At the larger length scale, very few permanent aggregates are present and the average fractal dimension is much more affected by the aggregate formations and decreases more rapidly. At 60°C, the aggregation occurs more quickly and the measured average fractal dimension is affected even at the smaller length-scales. For the 5% volume concentration, the aggregate formations are predicted to increase to the size of the permanent aggregates at 20°C, however the measurement show no effect. At 40°C the aggregate formations become larger than the permanent aggregates and are about the same as the 60°C case for the 3% volume concentration. This is consistent with the average fractal dimension measurements which are about the same for the two cases. At 60°C, the average aggregate size is over twice as large as the permanent aggregates and much more aggregation has occurred, which is consistent with the average fractal dimension measurements with the average fractal dimension reducing for both length-scales.
The ratio of the increase in viscosity to the increase in thermal conductivity for different fractal dimensions is plotted versus aggregate size in Fig. 10 . This assumes all aggregates are the same size and no singlet particles are present. At higher fractal dimensions the aggregates are denser causing less volume to be consumed by the aggregates yielding smaller effects on the fluid properties. The thermal conductivity and viscosity are calculated using the predicted distribution of aggregate sizes from the Monte Carlo simulation is used through a volumetric average. The calculated thermal conductivity over time for each case is plotted in Fig. 11 . The thermal conductivity from previous experiments 41 is plotted in Fig. 12 . The average temperature in the experiments was 50°C with about a 25°C temperature variation across the sample. The results from the measurement agree well with the Monte Carlo results for aggregation. The calculated viscosity over time for each case is plotted in Fig. 13 . The plot shows that aggregation can cause the increase in viscosity to reach and surpass 10% per 1% volume fraction. The ratio of the viscosity increase to the thermal conductivity increase over time is plotted in Fig. 14 for each case. As aggregation progresses both the thermal conductivity and viscosity rise. Initially the thermal conductivity rises as fast as the viscosity; however, once the aggregates become large the viscosity increases much faster than the thermal conductivity creating an unfavorable nanofluid for heat transfer. From the work of Potanin et al., 40 it is expected that in shear conditions the aggregates will compress. They showed increases in the fractal dimension from 1.8 to 2.3 in oscillating shear flows. Even with diffusion limited aggregation the nanofluid could remain favorable up to large aggregate sizes but would likely eventually become unfavorable as aggregation continued to progress.
V. CONCLUDING REMARKS
At room temperature this fluid is well stabilized and very little aggregate formations are present over time. When the nanofluid is heated the nanoparticles experience stronger Brownian motion. This allows for greater aggregation at higher temperatures. At higher concentrations, more particles are present allowing particles to interact more, increasing the amount of aggregation. The diffusion limited aggregation produces fractal dimensions of 1.8, which is especially apparent in the higher concentrations and temperatures in the length scale larger than the permanent aggregates.
These results show that aggregation is a more likely cause for the measured enhancements with temperature by FIG. 11 . ͑Color online͒ Thermal conductivity plotted over time for the three concentrations each at the three temperatures calculated from the volume average of the simulated aggregate radius of gyration for a fractal dimension of 1.8 in a nanofluid with 40 nm alumina nanoparticles dispersed in water.
FIG. 12. ͑Color online͒ Plot of the measured time dependence of the average thermal conductivity for the three concentrations of nanofluid consisting of 40 nm alumina nanoparticles in water ͑Ref. 41͒. FIG. 13 . ͑Color online͒ Viscosity plotted over time for the three concentrations each at the three temperatures calculated from the volume average of the simulated aggregate radius of gyration for a fractal dimension of 1.8 in a nanofluid with 40 nm alumina nanoparticles dispersed in water.
FIG. 14. ͑Color online͒ Ratio of the viscosity to thermal conductivity enhancements plotted over time for the three concentrations each at the three temperatures calculated from the volume average of the simulated aggregate radius of gyration for a fractal dimension of 1.8 in a nanofluid with 40 nm alumina nanoparticles dispersed in water.
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P. E. Gharagozloo and K. E. Goodson J. Appl. Phys. 108, 074309 ͑2010͒ previous research groups. At higher temperatures, aggregation occurs quick enough to effect measurements within minutes of sonication. If the fluid is not heated during sonication and must be heated between sonication and the measurement the aggregation would progress further for the higher temperatures with more time lapse.
